Context: Pheochromocytoma crisis (PC) is a rare life-threatening endocrine emergency that may present spontaneously or can be unmasked by 'triggers', including certain medications that provoke the release of catecholamines by tumors. Several isolated cases of PC have been reported after administration of exogenous glucocorticoids; evidence that these drugs cause adverse events in patients with pheochromocytoma is mainly anecdotal. Patients: We report four cases of PC most likely induced by glucocorticoids and review seven previous reports in the literature linking steroid administration to the development of PC.
Introduction
Pheochromocytoma crisis (PC) is a rare life-threatening endocrine emergency with a reported mortality as high as 85% (1, 2) . Acute and rapidly progressive hemodynamic disturbances result from the actions of high quantities of catecholamines secreted by the tumor and lead to organ failure. PC can present spontaneously, or as a result of 'unmasking' by 'triggers' such as trauma, surgery, anesthesia, and drug therapy.
Many classes of drugs are well known to precipitate adverse reactions, but the evidence linking exogenous glucocorticoids to the unmasking of pheochromocytoma producing serious or fatal reactions is mainly anecdotal or limited to single case reports. We report four cases of PC possibly induced by glucocorticoids and review seven previous reports and anecdotes in the literature. We discuss possible mechanisms and interactions between glucocorticoids, catecholamines, and pheochromocytoma. Finally, we review clinical management issues regarding the use of dexamethasone suppression tests (DST) in the evaluation of adrenal incidentaloma.
Case reports
The four cases reported here (Table 1) 
Case 1
A 26-year-old normotensive woman was referred for the evaluation of an incidental adrenal mass. The physical examination, blood pressure (BP), and cortisol levels were normal. An abdominal computed tomography (CT) scan (unenhanced) revealed a 4.2 cm right adrenal mass with high attenuation, 35 Hounsfield units (HU), but with areas of lipid-like density. Adrenocortical carcinoma could not be ruled out by CT scan. A high-dose DST, administering 2 mg orally every 6 h for 2 days, was ordered as per an institutional protocol of the CPME, Warsaw, Poland. The first day was uneventful and the patient remained normotensive and asymptomatic. On the second day of the DST, the patient became weak, anxious, and restless with a BP of 160/110 mmHg and moderate tachycardia. The clinical condition deteriorated rapidly over the next 4 h. The patient developed shock, hyperglycemia, severe metabolic acidosis, and pulmonary edema.
Despite intensive therapy, the patient died 10 h after the onset of symptoms. A 4.5 cm hemorrhagic pheochromocytoma was found at autopsy. The results (collected before the crisis) of two sequential 24-h urinary collections for total metanephrines were: 916 and 1104 mg (ref: 100-1000 mg/24 h).
Case 2
A 39-year-old male patient was completely asymptomatic until December 2005 when he developed a hypertensive crisis followed by congestive heart failure 12 h after 6 mg i.m. betamethasone for airway congestion. No other medication had been given for 8 h prior to the glucocorticoid. After several days in intensive care, the patient's condition stabilized and he was discharged with a diagnosis of viral cardiomyopathy. Pheochromocytoma was not considered in the differential diagnosis during the hospital admission (December 2005).
After 1 year (December 7, 2006), he presented again with chest pain, severe hypertension (240/140 mmHg), headache, nausea, and vomiting 12 h after 6 mg of i.m. betamethasone. He quickly deteriorated, developed cardiogenic shock, and aspirated. The patient had cardiac arrest twice, was successfully resuscitated, and 
Case 3
A 27-year-old male with confirmed metastatic pheochromocytoma, evident mainly by multiple bone lesions, was enrolled in an experimental 131 I-metaiodobenzylguanidine (MIBG) treatment protocol that included pre-treatment with methylprednisolone. Before starting the protocol, the patient's BP was stable and controlled with medication. The patient received 1.5 g of methylprednisolone i.v. but no MIBG was administered. The vital signs before glucocorticoid administration were normal. After the injection, vital signs were BP: 188/107 mmHg and pulse: 105. After 20 min, the BP and heart rate decreased and the patient was discharged. After 8 h, the patient developed nausea, vomiting, and hypertension with pain in the right chest wall and left hip. Admission vital signs were BP: 189/119 mmHg and pulse: 137. The patient was treated with i.v. antihypertensives and was stabilized. A CT scan of the painful areas of the chest and hip demonstrated a necrotic lesion on the right side of the chest surrounded by fluid (an increase in size by about 20% from the previous findings, 3 months before) and a lesion in the left ischium, which was determined to be significantly larger (by about 40%). Because of this reaction, methylprednisolone was dropped from the protocol and no other patient with metastatic pheochromocytoma received methylprednisolone.
Case 4
A 39-year-old woman was evaluated for an incidental adrenal mass. Past medical history was significant for a 3-year history of hypertension and diabetes mellitus, which developed during her third pregnancy. An abdominal CT scan (unenhanced) revealed a nonhomogeneous 6.9 cm left adrenal mass with a high attenuation value of 28-31 HU. High-dose DST was ordered as per an institutional protocol of the CPME, Warsaw, Poland. About 5 h after the first 2 mg highdose DST, the patient suddenly developed nausea and vomiting, headache, and restlessness in concert with hypertension (BP: 220/120 mmHg), chest pressure, and tachycardia. An electrocardiogram (ECG) revealed tachycardia and signs of anterior wall ischemia. BP and pulse rate normalized after treatment with a combination of i.v. vasodilators and b-blockers. Lab. values (obtained prior to crisis): total 24-h urinary metanephrinesZ2292 mg/24 h (nl: 100-1000 mg/24 h). A laparoscopic left adrenalectomy was performed 2 weeks after treatment with phenoxybenzamine. Pathologic examination revealed an 8 cm multicystic pheochromocytoma with hemorrhagic foci.
The hypertension and diabetes mellitus ceased and total urinary metanephrines fell to normal after surgery.
Review of cases from the literature To our knowledge, there are seven previously published case reports linking glucocorticoids to a life-threatening PC ( Table 2 ).
Case 5
In 1973, Dagget et al. (3) reported that a 69-year-old woman developed severe hypertension after taking 45 mg of prednisone orally daily for 3 days. The hypertension resolved after prednisone was decreased to 5 mg orally, but recurred acutely after one dose of 100 mg of hydrocortisone i.v. After a pheochromocytoma was removed, there were no more episodes of hypertension despite the daily administration of 100 mg of hydrocortisone for 3 days or after 10 mg of daily oral prednisone.
Case 6
In 1968, Page et al. (4) reported that a 39-year-old male developed PC after receiving unknown doses of parenteral hydrocortisone, adrenocorticotrophin (ACTH), and oral prednisone. An epinephrine-secreting pheochromocytoma was diagnosed.
Cases 7 and 8
In 1997, Kothari et al. (5) described that a 34-year-old female developed congestive heart failure (CHF) after taking oral dexamethasone. After 4 months, a pheochromocytoma was removed. In the same article, there is an anecdotal report of a 43-year-old woman who suffered from cardiac failure and arrest after oral prednisone; she underwent a successful adrenalectomy and removal of a pheochromocytoma.
Case 9
Another anecdotal case was described by Pitcock in Manger's 1996 book (6): a 46-year-old man developed PC 'after receiving an injection of steroid. a pheochromocytoma in the right adrenal gland was found at autopsy.'
Case 10
A case report with an excellent review was published by Brown et al. in 2005 (7): a 44-year-old female with normal coronaries developed a myocardial infarction and severe hypertension after the administration of dexamethasone. A hemorrhagic pheochromocytoma was resected.
Case 11
Takagi et al. (8) : reported a 52-year-old male who developed cardiogenic shock and pheochromocytoma multisystem crisis after a dexamethasone injection in the shoulder joint. A pheochromocytoma was found.
Clinical presentation (Table 1) The clinical presentation of steroid-related PC was varied. In 2 out of 11 patients, fatal outcomes were related to the administration of glucocorticoids. Eight patients developed either heart failure or cardiogenic shock, and of these two required mechanical cardiac assist devices to survive. Comprehensive clinical information was not reported in several cases; thus the full extent of adverse reactions is unknown. There were six females and five males, ranging in age from 27 to 69 years old; the severity of complications was divided equally among the sexes. Chest pain, severe hypertension, and headache were the most common symptoms presented. Two patients received glucocorticoids on separate occasions, and developed crises after each administration. The glucocorticoid-induced PC is a heterogeneous clinical manifestation of pheochromocytoma, associated with high morbidity and mortality.
Type of steroid, dose, and route of administration Several types of glucocorticoids caused serious reactions; dexamethasone and betamethasone caused the most serious reactions. The route of administration need not be parenteral. Even intraarticular injections may cause severe reactions, as in case 9, although the dose was not mentioned. The smallest documented dose of dexamethasone that induced a crisis was 2 mg administered orally. Prednisone, 5 mg orally daily, did not cause adverse reactions in patient no. 5, but it produced a crisis when increased to 45 mg; 100 mg of i.v. hydrocortisone, a dose equivalent to 20 mg of prednisone, also caused a crisis in the same patient. In some patients (cases 2 and 5), the induction of adverse effects was consistent and reproducible: in patient no. 2, betamethasone, 6 mg i.m., produced severe, life-threatening reactions, on two occasions, a year apart. Tumor characteristics (Table 2 ) The pheochromocytoma was hemorrhagic in three cases (1, 2, and 4) and was inferred in case 3 by imaging of known metastasis. In the literature cases, tumor hemorrhage was not specified in five cases, and was absent in one. Tumor size (longest diameter) ranged from 30 to 80 mm and was not always related to clinical severity. Out of 11 tumors, 7 were on the right side and, 3 on the left, and one case involved a metastatic paraganglioma. All patients with pathology reports showing a hemorrhagic pheochromocytoma exhibited high morbidity and mortality. Fractionated catecholamine/metabolite levels, urinary or plasma, were available in six cases. All six showed elevated levels of both epinephrine, and norepinephrine or their metabolites although epinephrine/metanephrine levels were predominant.
Discussion
Many drugs can cause adverse reactions in patients with pheochromocytoma (23) . Some are well-known, predictable 'triggers', others are less consistent. Our knowledge of many of these inconsistent tumor-related adverse drug reactions comes from anecdotal reports and cases in the literature; the level of evidence is variable. This also applies to the four new cases we report here and to those we review. PC often occurs without specific triggers and could have occurred incidentally or secondary to other uncontrolled variables. Controlled clinical studies that clearly demonstrate the induction of PC by exogenous glucocorticoids are not available, and are unlikely to be forthcoming. With these caveats in mind, the cases suggest that exogenous glucocorticoids may cause severe and even deadly reactions in some patients harboring a pheochromocytoma.
Glucocorticoids are ubiquitously prescribed, for example used as a pre-treatment in patients allergic to contrast dye that is regularly used to image adrenal masses. Glucocorticoids are also used in the DST to evaluate autonomous hormonal secretion by incidental adrenal masses. Thus, under these circumstances, a patient potentially harboring a pheochromocytoma would be exposed to a drug that may be capable of causing lethal complications. The low-dose DST (dexamethasone 1 mg orally at night) has not been associated with PC, but in two of our four cases a high-dose DST was temporally related to the development of PC in one patient and to the death of another. Hence, the institutional protocol at the CPME in Warsaw indicating high-dose DST has now been modified to low-dose DST: dexamethasone 1 mg orally once at night times.
Mechanisms
Adverse drug reactions in pheochromocytoma are usually attributed to the effects of catecholamines, or other substances, released from the tumor via a variety of mechanisms.
Glucocorticoids are necessary for normal development of the adrenal medulla; they influence catecholamine metabolism, production and release (9) , not only in normal chromaffin cells but also in pheochromocytoma cells. In addition, glucocorticoids have important permissive effects on the peripheral vasculature. Thus, it is not surprising that the glucocorticoids may elicit adverse effects in pheochromocytoma.
Glucocorticoids can induce catecholamine synthesis in PC12 pheochromocytoma cell cultures (10), inducing catecholamine biosynthetic enzymes such as: 1) phenylethanolamine N-methyltransferase that converts norepinephrine to epinephrine (11, 12) ; 2) tyrosine hydroxylase, the rate-limiting enzyme in catecholamine biosynthesis (13) ; and 3) dopamine b-hydroxylase that converts dopamine to norepinephrine (14) . Glucocorticoids have also been shown to increase the release of catecholamines from perfused canine adrenal glands (15) .
In the cases reported here, there was a time lag of 5-36 h between steroid administration and the development of symptoms. This delayed effect suggests that, unlike other 'triggering' agents, the primary mechanism of glucocorticoid-related PC may not involve the immediate vesicular release of catecholamines. Mechanisms such as inappropriate functioning of regulated secretion, synthesis, and loading of catecholamine granules, followed by massive release, possibly accelerated or caused by tumor necrosis and hemorrhage may be more important.
Another factor may involve the peripheral vasculature: glucocorticoids, through receptors in endothelial and smooth muscle cells, regulate vascular reactivity by potentiating the effects of catecholamines. Glucocorticoids suppress production of the endothelial-derived vasodilators, nitric oxide and prostacyclin by downregulation of enzyme expression and activity. The effect on vascular smooth muscle is of two types: 1) a receptorindependent response, which can occur in min, requires high concentrations of cortisol, is more pronounced for epinephrine, and may be mediated by inhibition of catechol-O-methyltransferase; 2) a receptor-dependent response that is more prolonged and is due to the glucocorticoids' genomic transcription effects, via various mechanisms among others those regulating Ca 2C homeostasis-dependent smooth muscle reactivity (16) . The potentiation of the actions of catecholamines on the peripheral vasculature and heart by glucocorticoids is likely to be an important factor in the clinical presentation of PC.
The administration of exogenous steroids to normal adrenal medulla would not be expected to greatly affect catecholamine production or release since the normal adrenal medulla is already exposed to high concentrations of glucocorticoids (9, 12) . However, in pheochromocytoma, normal anatomic relationships and regulatory functions are lost: tumors may not be completely surrounded by adrenal cortex, and microvascular anatomy is surely altered. Thus, normal neural and paracrine control of catecholamine production and release is lost (6) . Pheochromocytomas are heterogeneous tumors and express different secretor phenotypes and membrane receptors depending on their genetic origin and state of differentiation. Abnormal regulation and expression of various genes can be induced by dexamethasone in human-derived pheochromocytoma cells (17) . Some tumors, for example, can even change phenotype over time from an ACTHproducing non-catecholamine-secreting tumor to a catecholamine-producing pheochromocytoma (18) . Pheochromocytomas that secrete massive amounts of catecholamines on exposure to glucocorticoids may thus represent a specific tumor phenotype expressing altered glucocorticoid receptors and secretory patterns. This is purely speculative and needs to be investigated further. It is of interest that the majority of these tumors ( Table 2) showed secretion of both epinephrine and norepinephrine, which may not only be important in the clinical presentation but also may shed some light on the secretory phenotype.
Tumor necrosis or hemorrhage is clearly important in the pathogenesis of the glucocorticoid-induced PC (Table 2) . Tumor necrosis may be responsible for massive outpouring of catecholamines into the circulation and an end result of catecholamine-induced hypertensive vasculopathy. In this series of patients, the most severe forms of PC occurred when the longacting glucocorticoids, dexamethasone, or betamethasone were administered. Glucocorticoid-induced catecholamine release and increased peripheral vascular reactivity followed by hypertensive vasculopathy, tumor necrosis, and massive release of catecholamines could repeat itself in a cyclical fashion in the presence of long-acting glucocorticoids causing irreversible endorgan damage.
Glucocorticoids, pheochromocytoma, and the incidental adrenal mass
Two of our cases (1 and 4) represent the first reports in the literature of PC related to, and apparently triggered by, a high-dose DST used during the diagnostic investigation of an adrenal incidentaloma. High-dose DST was being used as part of an institutional protocol at the Center for Postgraduate Medical Education, Warsaw, Poland.
Incidentalomas are one of the most prevalent of human tumors, present in up to 8.7% in some autopsy series. (19) In a review of a large number of studies, the etiology of incidentaloma was: adenoma 41%, metastasis 19%, adrenocortical carcinoma 10%, myolipoma 9%, and pheochromocytoma 8%, with the remainder being mostly benign lesions such as cysts (20) .
The incidence of pheochromocytoma is about 5% in the group of incidentalomas reported by Young in 2000 (21) . In a series of 1111 patients reported from Poland, the incidence was 3%, but has risen to 4% since the publication of that original report (22) . Significant side effects of high-dose DST had not been observed, until the two cases described here, despite its use in about half of the patients eventually diagnosed with pheochromocytoma. Adverse reactions to dexamethasone or other glucocorticoids may therefore occur only in a limited proportion of patients with pheochromocytoma. This presumably reflects the heterogeneous nature of these tumors and is consistent with the variability of adverse reactions to other drugs (e.g., tricyclic antidepressants, dopamine receptor antagonists, sympathomimetics, glucagon) and stimuli or procedures (e.g., exercise, childbirth, surgical anesthesia) with more established risks for patients with pheochromocytoma (23) .
Conclusions
Exogenous glucocorticoids may inconsistently cause severe and even deadly reactions in patients with pheochromocytoma. These reactions are often associated with hemorrhage in the pheochromocytoma; the exact mechanism is unclear. The release of catecholamines can be massive.
Glucocorticoids should be avoided, or administered with vigilance, in patients with a potential diagnosis of pheochromocytoma. In patients with an adrenal incidentaloma and imaging characteristics compatible with a chromaffin tumor, pheochromocytoma should ideally be ruled out first, using the most sensitive biochemical diagnostic test available (24, 25) before administering the glucocorticoids. If a cortisol suppression test is nonetheless deemed necessary before ruling out pheochromocytoma, a low-dose DST (1 mg given PO at 2200 h) should be used; no cases of PC have been reported with this dose. Clinicians should be cautious with higher doses of dexamethasone in patients at risk.
Care must also be exercised in patients with undiagnosed adrenal masses compatible with pheochromocytoma, who are allergic to contrast media (26, 27) . If these patients are undergoing diagnostic imaging studies, glucocorticoids are usually included as pre-treatment and could trigger a dangerous reaction.
A PC should be suspected and included in the differential diagnosis in any patient who develops severe hypertension, hemodynamic instability, chest pain, and headache several hours after receiving glucocorticoids.
The glucocorticoid-related adverse reactions in patients with pheochromocytoma may take hours to develop and are associated with elevated morbidity and mortality. Once symptomatic, patients can decompensate very quickly; prompt diagnosis and intensive treatment are essential to prevent death or serious complications.
